Serovar Typhimurium of Salmonella enterica is a model organism for studies of pathogenesis, that exhibits phage type variation and variation in host range and virulence, but in a recent study showed no sequence variation in four genes, indicating the clonal nature of this serovar. We determined the relationships of 46 Typhimurium isolates of nine phage types using mutational changes detected either by matching AFLP (amplified-fragment length polymorphism) fragments to computer modeled LT2 AFLP fragments; or by sequencing intergenic regions. 51 polymorphic sites were detected, which gave a single phylogenetic tree. Comparison with genome sequences of five other serovars, Typhi, Paratyphi A, Gallinarum, Enteritidis and Pullorum, enabled determination of the root of the tree. Only two parallel events were observed, giving high confidence in the tree branching order. The mutation-based tree provided a high level of consistency and a clear lineage for the Typhimurium isolates studied. This enabled us to show that for seven of the nine phage types used, the isolates studied have a single origin, but that two phage types clearly have more than one independent origin. We found that sequencing intergenic regions provides a good strategy for detection of mutational polymorphisms and study of phylogenetic relationships of closely related isolates and would be applicable to many other species. 4 Salmonella enterica serovar Typhimurium (denoted Typhimurium in this paper) is a common cause of salmonellosis among humans and domestic animals worldwide. Most Typhimurium strains have a broad host range, causing diseases in multiple species, including humans, farm livestock, domestic fowl, rodents and birds; whereas, some Typhimurium variants have a very narrow host range, such as pigeon-adapted variants (Bäumler et al. 1998; Rabsch et al. 2002) .
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Salmonella enterica serovar Typhimurium (denoted Typhimurium in this paper) is a common cause of salmonellosis among humans and domestic animals worldwide. Most Typhimurium strains have a broad host range, causing diseases in multiple species, including humans, farm livestock, domestic fowl, rodents and birds; whereas, some Typhimurium variants have a very narrow host range, such as pigeon-adapted variants (Bäumler et al. 1998; Rabsch et al. 2002) .
The Anderson phage-typing scheme (Anderson et al. 1977 ) is commonly used in epidemiological surveillance of Typhimurium infections and provides a means of following the rise and fall of different forms and geographical distribution of Typhimurium strains. A few phage types tend to dominate within a geographical region for a significant period of time. For example, multidrug-resistant DT104 has become a widespread pathogen in humans and animals in Europe and the United States since 1994 (Glynn et al. 1998; Low et al. 1997 ), while remaining rare in Australia; whereas DT9 and DT135 are dominant in Typhimurium infections in Australia (Powling 1997.-a; Powling 1997.-b) , but DT9 is rare in Europe and the US. The availability of a phage typing scheme for Typhimurium, and the wealth of data generated using it, make Typhimurium an excellent model for studying variation within a major bacterial clone.
We previously reported (Hu et al. 2002 ) the use of AFLP (amplified-fragment length polymorphism (Vos et al. 1995) ) to explore the relationships of nine phage types of Typhimurium. The dendrogram based on presence or absence of AFLP fragments showed good correlation with phage type, grouping most isolates of the same phage type together, demonstrating potential for development of a PCR or microarray based typing scheme. 5 However, the variation was mostly due to gain or loss of mobile DNA elements, which overwhelmed mutational variation in the AFLP tree (Hu et al. 2002) . Mutational changes, which accumulate over time, would better reflect phylogenetic relationships of Typhimurium isolates than polymorphisms relating to mobile elements, such as phages and plasmids. In this paper, we focus on mutational differences to reveal the phylogenetic relationships of 46 isolates of nine phage types used in our previous study (Hu et al. 2002) .
Because the isolates in this study are within a major clone and closely related, mutational changes are expected to be rare, and a recent study (Fakhr et al. 2005) confirmed this with no variation among 85 Typhimurium isolates in a four gene multilocus sequence typing (MLST) study, although MLST gave good discriminatory power for S. enterica as a whole (Kotetishvili et al. 2002) .
Genome sequence comparisons can be used to identify mutational changes in closely related isolates where more than one sequence is available. This approach was used to explore the evolutionary relationships of closely related isolates in Bacillus anthracis (Read et al. 2002) and Mycobacterium tuberculosis (Alland et al. 2003; Gutacker et al. 2002) . However, a comparative genome-based analysis could not be applied to Typhimurium, as the sequence of only one Typhimurium genome (LT2) was available.
In this study, we used two approaches to identify mutational polymorphisms among closely related isolates of a clone with only one genome sequence available. First, we identified mutation related AFLP fragments by matching observed AFLP fragments with computer modeled AFLP fragments to identify variation due to mutational changes. Second, we sequenced intergenic regions (IGs), which were relatively rich in mutational polymorphisms, and used PCR-RFLP 6 (restriction fragment length polymorphism) and SNaPshot to investigate allele distribution in all isolates studied. We were able to determine the phylogenetic relationships for 46 Typhimurium isolates based essentially on mutational changes.
MATERIALS AND METHODS
Bacterial isolates: Forty-six Typhimurium isolates from nine phage types, DT9, DT135, DT64, DT44, DT126, DT12a, DT1, DT141 and DT108 were used in this study. The isolates were from different sources, including human, animal and environment and from different regions of Australia. Details were given in Hu et al (2002) .
Primers:
Primers for PCR and sequencing of AFLP fragments and IGs are in Tables S1 and   S2 respectively in the supplementary material at http://www.genetics.org/supplemental and were based on published Typhimurium LT2 genome sequence (McClelland et al. 2001 ) (GenBank accession no. AE006468). Extension primers used for SNaPshot reaction (Table S3 in the supplementary material at http://www.genetics.org/supplemental) were reverse phase cartridge purified. All primers were synthesized by SIGMA.
Computer modeling of AFLP based on LT2 genome sequence: The complete genome sequence of Typhimurium LT2 was computer modeled to emulate MseI and EcoRI digestion.
Each of the 16 subsets for MseI +1 / EcoRI +1 primer pair combinations was selected from the fragments generated. The sizes of fragments for each subset and their LT2 genome locations were imported into spreadsheets, and the fragment sizes adjusted for addition of AFLP primers. PCR and sequencing: PCR was normally carried out in 100 µl volumes, which contained the following: 2 µl of BSA (10 µg/ml), 10 µl of 10x PCR buffer, 2 µl of dNTPs (10 mM), 5 µl of each primer (5 µM), 1 µl of DNA template, 0.5 µl of Taq polymerase (5 U/µl), and 74.5 µl of Milli-Q water. PCR fragments were amplified in a PC-960G thermal cycler (Corbett Research, 8 Sequence analysis: DNA sequences were assembled and edited using programs Phred, Phrap, and Consed (Gordon et al. 1998) . Multiple sequence alignments and comparisons were made using programs ClustalW (Thompson et al. 1994) and MULTICOMP .
MULTICOMP gives pairwise percentage differences of DNA and derived amino acid sequences to check for synonymous and non-synonymous substitutions in coding regions. Nip (Nucleotide interpretation program) (Staden 1994 ) was used to search for recognition sites of restriction enzymes. Table S3 
PCR-RFLP

RESULTS
Mutational Changes in AFLP Fragments:
Matching informative AFLP fragments in LT2 and sequencing the potential mutation related AFLP fragments: Four of the 18 AFLP fragments cloned and sequenced in our previous study are related to S. enterica chromosomal sequences (Hu et al. 2002) . They comprise two pairs of fragments and in each pair, one fragment corresponds to sequence found in the LT2 genome and the other differs by mutation. We denote such AFLP fragments, which are affected by mutational changes, as mutation related AFLP fragments. One of each pair of mutation related AFLP fragments is likely to be present in the Typhimurium chromosome and if located, both members of the pair could be sequenced using primers based on the available LT2 genome sequence, as an alternative approach to cloning the fragments.
In order to search for other mutation related AFLP fragments, we did computer modeling of AFLP analysis of the LT2 genome for all 16 MseI +1 / EcoRI +1 primer pair combinations. The 200 phylogenetically informative AFLP fragments observed in our previous study (Hu et al. 2002) were compared with modelled LT2 AFLP fragments using selective base and fragment size. Twenty AFLP fragments, including the two previously cloned and sequenced fragments C/A-5 and C/C-1, were matched with modeled LT2 fragments. Segments of the chromosome that included the 18 newly located AFLP fragments were amplified and sequenced using LT2 genome based primers (Table S1 ). At least two isolates in which the identified AFLP fragment 12 was either present or absent were sequenced (Table S5 in the supplementary material at http://www.genetics.org/supplemental).
Nature of mutation related AFLP fragments:
The sequences showed that these phylogenetically informative AFLP fragments resulted from mutational events (Table 1) . Of the 20 AFLP fragments matched with modeled LT2 fragments, 15 were shown to be a member of an inversely correlated pair: only one fragment of each pair is present in any given isolate, and only one of each pair matched a modeled LT2 fragment. Four fragments fell into two correlated pairs, both fragments of each pair matching adjacent modeled LT2 fragments connected by an EcoRI restriction site, with both fragments absent in some isolates due to absence of the connecting EcoRI site. Another fragment was found to be a member of such a pair, in which the other was observed in the genome, but only inferred as an AFLP fragment as at 881 bp, it was outside the AFLP size range analyzed. In total, 36 mutation related AFLP fragments were studied including the two pairs C/A-4 and C/A-5, C/C-1 and C/C-2 previously cloned and sequenced (Hu et al. 2002) and the inferred 881bp fragment. The 32 new fragments were named by primer pair combination followed by fragment size in base pairs.
The differences between members of the 18 pairs of mutation related AFLP fragments could be classified into four categories comprising ten single base substitutions and eight indels (Table   1) . In four pairs, the fragments differed by a single base substitution in an EcoRI or MseI restriction site: absence of an EcoRI site results in absence of two connected AFLP fragments; gain or loss of an MseI site generates a shorter or longer AFLP fragment. In two pairs, the fragments differed by a single base substitution that affected an AFLP selective base and shifted the AFLP fragment into another primer pair combination. In four pairs, the fragments differed by a single base substitution in an AFLP fragment that changed its mobility. In eight pairs, the 13 fragments differed by an indel event, of which two led to gain or loss of an EcoRI site, and six affected mobility of the AFLP fragment. Of the ten single base substitutions, one was in an IG and nine in genes comprising three synonymous and six non-synonymous substitutions. Of the eight indels, four caused frame shifts in genes; three in IGs; and one comprises both coding sequences and IG. The distribution of mutational changes in the 46 isolates studied is given in Table S5 .
Mutational Changes in Intergenic Regions for Phylogeny:
Rationale for selecting intergenic regions: We needed more mutational changes in addition to those detected in AFLP fragments, to increase the reliability of the phylogenetic analysis, and looked for mutational changes in IGs. Mutational changes in IGs are thought to be generally neutral and to have little or no selective cost, and the effective mutation rates for IGs, including likelihood of fixation, would be expected to be higher than those for house keeping genes, where there are major constraint on mutation.
In the mutation related AFLP fragments discussed above, the ratio of mutations in coding sequences and IGs is 3 : 1 (13.5 : 4.5 as 13 inside genes, four in IGs and one in both as 0.5 each).
Coding regions in the LT2 chromosome (excluding RNA and pseudogenes) comprise 4218 kb, RNA and pseudogenes comprise 72.7 kb and IGs comprise 566.7 kb. If the mutation rates were the same in the coding regions and IGs, the ratio of the mutations would be 7.4:1 (4218 kb :
566.7 kb). This suggested that IGs do have higher effective mutation rates than coding regions.
We also compared coding regions and IGs of Typhimurium LT2 and S. enterica serovar Typhi (denoted Typhi in this paper) CT18 based on their genome sequences. 
12% (data not shown). This confirms that
IGs have higher effective mutation rates than housekeeping genes as expected.
Sequence variation in IG / flanking gene regions of Typhimurium:
We selected 48 IGs with relatively large size and/or high pairwise differences between LT2 and Typhi CT18, ranging from 1.93% to 21.30% with average of 5.13% (Table S7 in the supplementary material at http://www.genetics.org/supplemental). The selected IGs were amplified and sequenced using LT2 genome based primers (Table S2) for one isolate of each phage type (Table S8 in the supplementary material at http://www.genetics.org/supplemental). The primers were in the flanking genes, and that part of the genes for which we obtained good sequence was included in the analysis.
The sequences revealed 33 polymorphic sites in 23 IG / flanking gene regions. One was presence or absence of IS200 (TM781, between LT2 bases 874139 and 874140), which has six copies in LT2 (Lam and Roth 1983) ; and 32 were SNPs, of which 30 were single base substitutions and two were single base indels. Nine of the 30 substitutions were in flanking genes, comprising four synonymous and four non-synonymous substitutions, and one nonsense mutation. The details of SNPs are given in Table 2 . 15 The distribution of mutational changes in the remaining 37 isolates was then determined. For the presence or absence of IS200, PCR was performed and scored visually after electrophoresis.
Of the 32 SNPs, 14 were further investigated by PCR-RFLP as the mutation affected a restriction site, 14 by SNaPshot, and the other four by sequencing. The distribution of SNPs and the IS200 insertion in the 46 isolates studied is given in Table S8 .
DISCUSSION
Phylogenetic relationships and evolution of Typhimurium: We combined the data on mutational changes discussed above and obtained a phylogenetic tree based on parsimony (Figure 1) . Use of homologous sequences in the genome sequences for S. enterica serovars Typhi, Paratyphi A, Gallinarum, Enteritidis and Pullorum, enabled us to infer the direction for 50 of the 51 mutations, as one form of the polymorphism in Typhimurium isolates is found in all or most of the five other serovars, and is assumed to be the ancestral genotype. For one locus (TM3230_3), a third form was present in the five other serovars, so it is not possible to determine the ancestral genotype, and as it is the only event on branch 10, the direction can only be inferred from that of the adjacent branches. In all branches with multiple events, the inferred direction of change was the same, and the 50 mutations gave a consistent pattern with the inferred root of the tree indicated in Figure 1 . This consistency allows us to identify the putative ancestral genotype and gives us confidence in the clonal lineage of the Typhimurium isolates studied. As we only scored the base(s) that varied within Typhimurium, the other five serovars were not included in the tree.
The mutation-based tree grouped most of the Typhimurium isolates according to phage type, making it possible to give a single origin on the tree for all isolates of DT9, DT12a, DT64, DT108, DT126, DT135 and DT141, although the sample size for each DT is small. The DT12a
isolates are assumed to have a single origin with the root of the tree being DT12a. The tree confirmed the hypothesis that DT64 arose from DT9 (Mmolawa et al. 2002) . Phage types DT1
and DT44 were found to have two independent origins even for the limited set of strains used.
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DT1 isolate M1879 has the same origin as five DT44 isolates, while DT44 isolate M1875 is well separated from the other five DT44 isolates, and clustered with three DT12a isolates (M1864 to M1866), and two DT1 isolates M1877 and M1880.
Only two parallel events were observed. One is the insertion of IS200, which affected branches 3, 14 and 16 of the tree (Figure 1) . The other is a single base substitution G to T (TM3124_1) in an IG, which is found in branches 6 and 11. The distribution of each of the remaining 49 polymorphisms can be explained by a single event, which are all independent.
Even when two or three polymorphic sites are in the same IG, the mutations occurred in different branches, with no evidence of recombination involving two or more sites. This indicates that
Typhimurium has a very strong clonal structure with a very low level of recombination over the time for its diversification.
High proportion of non-synonomous mutations: Interestingly, we found more nonsynonymous than synonymous substitutions for those in coding regions. There are ten nonsynonymous and seven synonymous substitutions, one nonsense mutation and four frameshift mutations. The high ratio of non-synonymous substitutions is consistent with our previous study on the gnd locus of S. enterica (Thampapillai et al. 1994 ) and E. coli (Bisercic et al. 1991) , where a higher ratio of non-synonymous substitutions was found within each species than between them (Thampapillai et al. 1994) , and attributed to the threshold for slightly deleterious mutations to be fixed within some clones of a species being less stringent than for fixation over the larger population and longer time for fixation in a species. The effect is more marked in the current study, which is to be expected, as Typhimurium is one clone of one of the two species used in the previous study, and hence has a smaller population and even lower level of stringency. A more traditional explanation of high levels on non-synonymous substitutions is 18 that the genes concerned are changing under selection pressure. We consider this unlikely in this case as 7/10 of non-synonymous substitutions are in genes that are found in nine genomes of three related species (E. coli K-12, E. coli O157:H7, Klebsiella pneumoniae and six S. enterica serovars) used in an analysis of gene distributions (McClelland et al. 2001) , and it seems unlikely that such conserved genes would be under selection pressure. Moreover a similar finding has been reported by Feil et al. (2003) in a study of Staphylococcus aureus. It may generally be found in comparisons of closely related isolates that there is a higher proportion of non-synonymous substitutions than in comparisons at species or higher taxon level, and the phenomenon is worthy of further study
Advantages of sequencing IGs in detecting polymorphisms: The level of polymorphism in
IGs is higher than that in housekeeping genes, the average pairwise difference between LT2 and CT18 sequences being 1.20% for central intermediary metabolism genes and 5.13% for the 48
IGs studied, a factor of approximately four. The average length of the 48 IGs studied was 300 bp, so that a single sequence run (about 600 bp) would be able to cover one IG and part of adjacent genes. If divergence was such that a single sequence run of a housekeeping gene could detect two mutations, it would on average detect five polymorphisms by sequencing an IG and adjacent coding DNA (four in the IG and one in adjacent coding DNA). Furthermore, mutational changes in IGs are thought to be generally neutral, offering further advantages in a molecular evolution study.
Comparison of relationships of Typhimurium isolates inferred from mutational changes
with that derived from AFLP data: It is interesting to compare the phylogenetic relationships of Typhimurium isolates inferred from mutational changes (Figure 1 mutation-based tree) with the dendrograms derived previously from AFLP fingerprinting patterns (AFLP tree) (Hu et al. 19 2002). Since AFLP picks up both DNA gain or loss polymorphisms and mutational changes, the major differences between the two trees are due to inclusion of DNA gain or loss polymorphisms. We are now able to relate the gain or loss of the informative AFLP fragments observed (Hu et al. 2002) to specific nodes in the mutation-based tree. Three examples are discussed below.
DT9 and DT64 isolates are closely related in both mutation-based and AFLP trees, but branch lengths differ. In the mutation-based tree, the DT64 isolates are seen to derive from DT9, with only a single mutation distinguishing them. AFLP analysis revealed six fragments in DT64 only, three of which (C/A-1, C/G-1 and G/A-1) have been sequenced and are all lambdoid phage gene related (Hu et al. 2002) . The data indicated that DT9 and DT64 are closely related and that DT64 was derived from DT9 by gain of phage related DNA. Our results are consistent with the report by Mmolawa et al. (2002) that Typhimurium DT9 can be converted to DT64 by a phage induced from DT64.
For our second example, we look at DT141 and DT108, which are closely related in the mutation-based tree, but well separated in the AFLP tree. AFLP analysis revealed twelve fragments in DT108 only, and five fragments in DT12a and DT108 only, two in DT135 and DT108 only, and two in DT64, DT12a and DT108 only. Four of these fragments (C/T-1, C/A-2, C/A-3 and G/C-1) have been sequenced. C/T-1 is phage related, C/A-2 and C/A-3 are due to gain of DNA of unknown origin (Hu et al. 2002) , and G/C-1 has 98% similarity to Shigella flexneri phage Sf6 gene 34 (Casjens et al. 2004) . The data indicated that DT108 and DT141 have the same origin, but DT108 gained extra DNA, probably phage related, some of which was gained independently in DT12a or DT64, which affected the relationships in the AFLP tree.
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Our third example is the distribution of DT1 isolates in two divergent parts of the mutationbased tree. DT1 isolates M1877 and M1880 are related to three DT12a isolates; whereas, DT1 isolate M1879 is related to five DT44 isolates on a different major branch of the mutation-based tree, and is presumably of independent origin. These three DT1 isolates are closely related in the AFLP tree. AFLP analysis revealed ten fragments specific to DT1. Three of them (C/G-2, C/T-2 and C/A-7) have been sequenced and are all related to plasmid R64 genes (Hu et al. 2002) .
Independent acquisition of the same plasmid on two occasions probably determined the phage type of the three DT1 isolates, and the presence of ten fragments common to all DT1 isolates pulled them together in the AFLP tree.
Conclusions:
A phylogenetic tree of S. enterica serovar Typhimurium based on mutational changes gave a clear picture of the relationships of the 46 isolates studied, which had been obscured in several places in the previously reported AFLP tree by the more common fragments from mobile genetic elements. Comparison with genomes of other serovars identified the ancestral form for almost all polymorphisms, gave a root for the tree and a clear clonal lineage of the Typhimurium isolates studied. The high level of consistency in the data gives confidence in the tree and allows one to relate other events to the tree. The mutation-based tree also indicated a very low level of recombination during the diversification of Typhimurium as the clonal variations observed are from point mutations, with exception of IS200 insertion and TM3124_1, none attributed to recombination.
We found that most Typhimurium isolates of a given phage type are in the same evolutionary group, but also that some phage types appear to have arisen more than once. Comparison of the phylogenetic tree with AFLP data gave examples of unrelated isolates of a given phage type having common AFLP fragments comprising plasmid or phage genes, supporting the view that phage type can be determined by presence of specific phages or plasmids.
This study provides the first detailed analysis of relationships of isolates within a clone. The level of variation was far too low for multilocus sequence typing (MLST) to be efficient (Fakhr et al. 2005) , and sequencing IGs provided a good strategy for identifying mutational polymorphisms and for studying the molecular evolutionary relationships of closely related isolates. The methods used to determine distribution of the alleles, being based on sequence are easily extended to include much wider representation of Typhimurium, and allow deeper analysis of the diversification of this very successful clone. The establishment of a reliable phylogeny for isolates with Typhimurium provides a basis for study of the adaptation of various forms of this serovar, which has been shown to have host-adapted variants (Bäumler et al. 1998; Rabsch et al. 2002) . Given the relatively low level of variation within even a quite diversified clone such as Typhimurium, it may be much easier to identify the defining events in matters such as host adaptation, than in comparisons of the more distantly related organisms often studied, where there is likely to be more variation not related to the adaptations of interest.
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